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(54) WAVEGUIDE OPTICAL INTERFEROMETER 

(57) A waveguide optical interferometer which is 
free from an additional work and excessive loss of light 
which accompanies the insertion of a 1/2 wavelength 
plate, low in cost, has high reliability and is independent 
of polarization. In an optical multiplexer / demultiplexer 
such as an AWG, a Mach-Zehnder interferometer which 
utilizes interference of light beam passing through a plu- 
rality of optical waveguides of different lengths, all the 
integrals of the birefringence values of the optical 
waveguides (which may change or not change along the 
waveguides) in the longitudinal direction of the 
waveguides (201 and 202) are made to be equal to each 
other. Thus, polarization- independent operation can be 
realized and, to the contrary, a polarized beam splitter 
can be realized only by changing the waveguide widths. 
For instance, the core width averaged in the longitudinal 
directions of short optical waveguides out of the optical 
waveguides having different lengths is made wide, and 
the averaged core width of long optical waveguides is 
made narrow, thereby realizing polization independ- 
ence. 
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Description 

TECHNICAL FIELD 

[0001 ] The present invention relates to an optical waveguide interferometer composed of planar optical waveguides, 
and more particularly to a technique that compensates for the polarization sensitivity of the optical interferometer, or 
on the contrary enhances the polarization dependence, by utilizing the dependence of waveguide birefringence on 
waveguide core width. 

BACKGROUND ART 

[0002] Today, optical wavelength division multiplexing communication systems (WDM systems) utilizing a plurality 
of optical wavelengths are being developed intensively to increase communication capacity. In the optical wavelength 
division multiplexing communication systems, arrayed waveguide grating optical wavelength multi/demultiplexers (ab- 
breviated to AWGs from now on) are widely used as optical wavelength multi/demultiplexers for multiplexing a plurality 
of optical signals with different wavelengths at a transmitting side, and for demultiplexing a plurality of optical signals 
passing through an optical fiber to different ports at a receiving side. 

[0003] FIG. 18 shows a circuit configuration of a conventional AWG. Light launched into an input waveguide 1 is 
diffracted in parallel with a substrate 3 in a first slab optical waveguide 2, and coupled to a plurality of arrayed 
waveguides 4. Since the adjacent arrayed waveguides 4 have a fixed optical path difference, a plurality of light beams 
have phase differences depending on the wavelengths when they are coupled to a second slab optical waveguide 5. 
As a result, the focal points made by the interference between the plurality of light beams change their positions de- 
pending on the wavelength. Thus, disposing a plurality of output waveguides 6 at the points of focus in advance makes 
it possible for the AWG to function as an optical wavelength mutti/demultiplexer for multiplexing or demultiplexing the 
plurality of optical wavelengths in the block. 

[0004] In the reported AWGs at present, the plurality of arrayed waveguides 4 are designed to have the same core 
width. The AWGs are fabricated using waveguides of a variety of materials such as glass, polymer and semiconductors, 
and their results are reported (M. K. Smit, "New focusing and dispersive planar component based on an optical phased 
array," Electronics Letters, vol. 24, no. 7, pp. 385-386, Mar. 1988; Y. Hida, etal., "Polymeric arrayed-waveguide grating 
multiplexer operating around 1 .3 mm," Electronics Letters, vol. 30, pp. 959-960, 1994; and M. Zimgibl, et al. ( "Polari- 
zation compensated waveguide grating router on InP, " Electronics Letters, vol. 31, no. 19, pp. 1662-1664, 1995). 
[0005] Generally, an optical waveguide formed on a planar substrate has different effective refractive indices for the 
TM light with an electric field component vertical to the substrate and for the TE light with an electric field component 
parallel to the substrate. The difference between the effective refractive indices is called waveguide birefringence, and 
defined by the following equation (1). 

B = n m- n TE (1) 

where B is the waveguide birefringence, and n^ and rv^ are the effective refractive indices of the TM light and TE 
light. The waveguide birefringence is caused by stress-induced birefringence, structural birefringence or the like. 
[0006] AWG center wavelengths of the TM light and TE light are expressed by the following equation(2). 

n-nw A/. 



where A.^ and are the AWG center wavelengths of the TM light and TE light, AL is the length difference between 
adjacent arrayed waveguides, and m is a diffraction order (integer). 

[0007] As seen from the foregoing equations (1 )-(3), when the waveguide birefringence B is present, the AWG center 
wavelengths and X-^ of the TM light and TE light differ from each other. Basically, a silica-based glass waveguide 
has little dependence of a propagation loss on the polarization. However, since the center wavelengths differ for the 
TM light and TE light, the AWG has a problem of the polarization sensitivity that its characteristic changes depending 
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on the polarization state of incident light. 

(First Example of Conventional Technique) 

s [0008] FIG. 19 shows a method of eliminating the polarization dependence, it inserts into the arrayed waveguide 4 
a half-wave plate 7 whose principal axis inclines 45° at the center of the AWG via a groove 8 (Y. Inoue, et al. , " Polarization 
sensitivity elimination in silica-based wavelength-division multiplexer using polyimide half waveplate," IEEE J. Light- 
wave Technol., vol. 15, no. 10, pp. 1947-1957, Oct. 1997). 

[0009] The half-wave plate 7 operates as a polarization mode converter between the TM light and the TE light so 
io that the polarization sensitivity is eliminated by exchanging the TM light and the TE light at the center of the AWG to 
average the overall characteristic. 

(Second Example of Conventional Technique) 

*s [001 0] Another method of eliminating the polarization sensitivity of the AWG is reported. It reduces the thermal stress 
in the fabrication process of the AWG by providing the silica-based glass with a thermal expansion coefficient corre- 
sponding to the thermal expansion coefficient of the silicon substrate by adding much dopant to the silica-based glass, 
thereby eliminating the polarization sensitivity (S. Suzuki, et al., "Polarization-insensitive array ed-waveguide gratings 
using dopant-rich silica-based glass with thermal expansion adjusted to Si substrate," IEE Electron. Lett., vol. 33, no. 

20 13, pp. 1173-1174, Jun. 1997). 

[0011] More specifically, adjusting the stress imposed on the silica-based glass layer from the silicon substrate to a 
value between -1 Mpa and 1 Mpa enables the absolute value of the waveguide birefringence to be limited equal to or 
less than 2 x 10~ 5 , where the negative sign designates compressive stress and the positive sign designates tensile 
stress. 

25 [0012] The second method of the conventional technique is a more promising candidate than the first method of the 
conventional technique because it obviates the additional step involved in inserting the half-wave plate 7, and prevents 
excess loss as well. The second method, however, has a problem of readily causing cracks in the silica-based glass 
layer during the fabrication process of the AWG because the compressive stress of the glass is very weak. In addition, 
since the silica-based glass layer contains a lot of dopant, it is poor in long term weather resistance, and brings about 

30 crystallization in the waveguide which will increase the optical insertion loss of the waveguide. The low reliability is a 
critical problem with the optical communication component to be solved urgently. 

[001 3] In summary, the two methods of achieving the polarization-independence described in the conventional tech- 
niques have the problems to be solved. The first conventional method using the half-wave plate has a problem of 
requiring the additional step involved in inserting the half-wave plate, and of bringing about the excess loss of light. 
ss On the other hand, the second conventional method of eliminating the thermal stress of the glass by increasing the 
dopant of the silica-based glass has a problem of its reliability. 

[0014] The present invention is implemented to solve the foregoing problems. Therefore, an object of the present 
invention is to provide a low cost, high reliability, polarization-independent optical waveguide interferometer. 

40 DISCLOSURE OF THE INVENTION 

[0015] We found that the waveguide birefringence varies depending on the core width. Utilizing this phenomenon, 
the present invention solves the problem of polarization sensitivity of the AWG without additional job or component. 
More specifically, the polarization sensitivity of the AWG is eliminated by varying the effective core widths of the 

45 waveguides of the arrayed waveguide one by one. 

[0016] To accomplish the object, according to a first aspect of the present invention, there is provided an optical 
waveguide interferometer composed of optical waveguides on a substrate, wherein the optical interferometer comprises 
an optical branching section, a plurality of optical waveguides with different lengths, and an optical coupling section, 
and wherein core widths averaged in a longitudinal direction of the plurality of optical waveguides with different lengths 

50 differ from one another. 

[0017] According to a second aspect of the present invention, there is provided an optical waveguide interferometer 
composed of optical waveguides on a substrate, wherein the optical interferometer comprises an optical branching 
section, a plurality of optical waveguides with different lengths, and an optical coupling section, and wherein core widths 
averaged in a longitudinal direction of the plurality of optical waveguides with different lengths are wider in shorter 

55 optical waveguides and narrower in longer optical waveguides. 

[0018] Here, longitudinal integral values of birefringence of the plurality of optical waveguides with different lengths 
may be equal to one another among the plurality of optical waveguides. 

[0019] The optical waveguide interferometer may be an arrayed waveguide grating optical wavelength multi/demul- 
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tip lexer including two slab waveguides and a plurality of arrayed waveguides with different lengths each other inter- 
connecting said slab waveguides, and core widths of the plurality of arrayed waveguides may differ from one another 
depending on lengths of the arrayed waveguides, and each core width may be fixed except for connecting sections 
with the slab waveguides. 

5 [0020] The optical waveguide interferometer may be an arrayed waveguide grating optical wavelength multi/demul- 
tip lexer including two slab waveguides and a plurality of arrayed waveguides with different lengths each other inter- 
conn cting said slab waveguides, and the plurality of arrayed waveguides may be each composed of waveguides with 
two-types of core widths except for connecting sections with the slab waveguides, and a ratio between lengths of the 
waveguides with the two-types may differ from one another among the plurality of arrayed waveguides. 

w [0021] The optical waveguide interferometer may be an arrayed waveguide grating optical wavelength mutti/demul- 
tiplexer including a first slab waveguide, a second slab waveguide, a plurality of arrayed waveguides that interconnect 
them and have different length from one another, at least one input waveguide connected to the first slab waveguide, 
and at least one output waveguide connected to the second slab waveguide, and core widths averaged in a longitudinal 
direction of the plurality of arrayed waveguides may be wider in shorter optical waveguides and narrower in longer 
optical waveguides, and as a result of this, longitudinal integral values of birefringence of the plurality of arrayed 
waveguides may be equal to one another among the plurality of arrayed waveguides. 

[0022] The plurality of arrayed waveguides may each have a constant core width in their longitudinal directions except 
for connecting sections with the first and second slab waveguides. 

[0023] The plurality of arrayed waveguides may be each composed of waveguides with at least two-types of core 
20 widths except for connecting sections with the first and second slab waveguides, and a ratio between lengths of the 
waveguides with the at least two-types may differ from one another among the plurality of arrayed waveguides. 
[0024] The waveguides with the at least two-types of the core widths may be interconnected by a tapered section 
that continuously changes its width. 

[0025] A tapered section interconnecting the waveguides with different core widths may be composed of a plurality 
25 of waveguides that have different widths and are connected serially to one another. 

[0026] The plurality of arrayed waveguides with different lengths from one another may each include a straight line 
waveguide at their central section. 

[0027] The optical waveguide interferometer may be a Mach-Zehnder interferometer including two optical couplers, 
and two optical waveguides that interconnect them and have different lengths, and the two optical waveguides may 
30 have core widths different from each other at least in part, and an averaged core width of the shorter waveguide may 
be wider than an averaged core width of the longer waveguide. 

[0028] The optical waveguide interferometer may be a Mach-Zehnder interferometer including two optical couplers, 
and two optical waveguides that interconnect them and have different lengths, and the two optical waveguides may 
have core widths different from each other at least in part, and longitudinally integral values of birefringence of the two 
ss optical waveguides may differ from each other by half optical wavelength used. 

[0029] The optical waveguide interferometer may be composed of silica-based glass optical waveguides on a silicon 
substrate. 

[0030] An internal stress of a core film constituting each opticaJ waveguides of the optical waveguide interferometer 
may be two times greater than an internal stress of an upper cladding film. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0031] 

45 FIG. 1 is a perspective view showing a structure of a polarization-independent AWG (arrayed waveguide grating 

optical wavelength multi/demultiplexer) of a first embodiment in accordance with the present invention; 
FIG. 2 is an upside plane view emphasizing the core widths in the arrayed waveguide of the polarization-inde- 
pendent AWG of FIG. 1; 

FIG. 3 is a graph illustrating the dependence of the waveguide birefringent index on the core width in terms of 
so relationships between the waveguide birefringent index and the waveguide core width; 

FIGs. 4A-4E are process diagrams showing a fabrication steps of the polarization-independent AWG of the first 
embodiment in accordance with the present invention; 

FIG. 5 is a graph illustrating transmittance spectrum characteristics of the polarization-independent AWG of the 
first embodiment in accordance with the present invention in terms of the relationships between the transmittance 
55 and the wavelength; 

FIG. 6 is a graph illustrating transmittance spectrum characteristics of an AWG with a uniform core width (7.0 
micrometers) in terms of the relationships between the transmittance and the wavelength, as a comparison with 
the first embodiment in accordance with the present invention of FIG. 5; 
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FIG. 7 is a perspective view showing a structure of a polarization-independent AWG of a second embodiment in 
accordance with the present invention; 

FIG. 8 is an upside plane view emphasizing the core widths in the arrayed waveguides of the polarization-inde- 
pendent AWG of FIG. 7; 

5 FIG. 9 is a graph illustrating transmittance spectrum characteristics of the polarization-independent AWG of the 

second embodiment in accordance with the present invention in terms of the relationships between the transmit- 
tance and wavelength; 

FIG. 1 0 is an upside plane view emphasizing the core widths in the arrayed waveguides of the polarization-inde- 
pendent AWG of a third embodiment in accordance with the present invention; 
10 FIG. 11 is an enlarged view of a tapered section of the arrayed waveguide of the polarization-independent AWG 

of the third embodiment in accordance with the present invention; 

FIG. 12 is an upside plane view emphasizing the core widths in the arrayed waveguides of the polarization-inde- 
pendent AWG of a fourth embodiment in accordance with the present invention; 

FIG. 13 is an upside plane view emphasizing the core widths in the arrayed waveguides of the polarization-inde- 
15 pendent AWG of a fifth embodiment in accordance with the present invention; 

FIG. 14 is a schematic diagram showing a structure of a polarization-independent asymmetrical Mach-Zehnder 
interferometer of a sixth embodiment in accordance with the present invention; 

FIG. 1 5 is a graph illustrating transmittance spectrum characteristics of the polarization-independent asymmetrical 
Mach-Zehnder interferometer of the sixth embodiment in accordance with the present invention in terms of the 
20 relationships between the optical insertion loss and optical frequency; 

FIG. 1 6 is a graph illustrating transmittance spectrum characteristics of a conventional asymmetrical Mach-Zehnder 
interferometer (with a uniform core width of seven micrometers) in terms of the relationships between the optical 
insertion loss and optical frequency, as a comparison with the sixth embodiment in accordance with the present 
invention of FIG. 15; 

25 FIG. 17 is a schematic diagram showing a structure of a polarization beam splitter of a seventh embodiment in 

accordance with the present invention; 

FIG. 18 is a perspective view showing a structure of a conventional AWG; and 
FIG. 19 is a perspective view showing a structure of another conventional AWG. 

30 BEST MODE FOR CARRYING OUT THE INVENTION 

[0032] The embodiments in accordance with the present invention will now be described with reference to the ac- 
companying drawings. 

35 (FIRST EMBODIMENT) 

[0033] FIG. 1 shows a circuit configuration of a polarization-independent AWG (arrayed waveguide grating optical 
wavelength multi/demultiplexer) of the first embodiment in accordance with the present invention. The AWG comprises 
a hundred arrayed waveguides 1 04. The core widths of the arrayed waveguides 1 04 differ from each other except for 
40 tapers (not shown) at connecting sections with slab waveguides 1 02 and 105. The remaining configuration is the same 
as that of the conventional AWG as shown in FIG. 1 8. Here, the reference numeral 101 designates input waveguides, 
102 designates an input side slab waveguide, 103 designates a silicon substrate, 105 designates an output side slab 
waveguide and 106 designates output waveguides. 

[0034] FIG. 2 is an upside plane view emphasizing the core widths of the arrayed waveguides of FIG. 1 . As shown 
<*5 in FIG. 2, the core widths of the arrayed waveguides 104 are designed such that they are gradually thinned from the 
inside (shorter arrayed waveguide side) to outside (longer arrayed waveguide side). In Fig. 2, the reference numeral 
202 designates the innermost arrayed waveguide with a core width of 8.2 micrometers, and 201 designates the out- 
ermost arrayed waveguide with the core width of 5.8 micrometers. 

[0035] FIG. 3 illustrates relationships between the waveguide birefringence B and core width w, which triggers the 
50 present invention. FIG. 3 shows that the waveguide birefringence B increases with the waveguide core width w. The 
dependence of the waveguide birefringence on the core width is just opposite to the dependence of the structural 
birefringence on the core width. That is, the structural birefringence decreases with the core width. This indicates that 
the waveguide birefringence of the present embodiment is stress-induced birefringence. 

[0036] The stress-induced birefringence is strongly dependent not only on the material of the core glass, cladding 
55 glass and substrate, but also on the coefficient of thermal expansion. The present embodiment utilizes such materials 
as meeting the condition that the internal stress of the core glass film is twice or more greater than that of the cladding 
glass film. 

[0037] The dependence of the waveguide birefringence on the core width as illustrated in FIG. 3 will now be described. 
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Intuitively, in a region where the core width is much smaller than the core thickness (as an extreme example, when 
the core width is zero), the waveguide birefringence is governed by the internal stress of the cladding glass film. In 
contrast, in a region where the core width is much greater than the core thickness (as an extreme example, when the 
core width is infinite), the waveguide birefringence is governed by the internal stress of the core glass film. In the 
present embodiment, since the internal stress of the core glass film is much greater than that of the cladding glass 
film, the dependence arises that the waveguide birefringence increases with the core width. 
[0038] The present invention relates to a method that utilizes the dependence of the waveguide birefringence on the 
core width as illustrated in FIG. 3 we discovered this time, to make the center wavelength Xj^ of the TM light equal to 
the center wavelength of the TE light without reducing the waveguide birefringence to zero. 
[0039] The fabrication process of the waveguide of the present embodiment will be described briefly with reference 
to FIGs. 4A-4E. A lower cladding glass soot 401 mainly composed of Si0 2 and a core glass soot 402 composed of 
Si0 2 with additional Ge0 2 are deposited on a silicon substrate 103 by flame hydrolysis deposition method (FIG. 4A). 
[0040] Subsequently, glass transparency is carried out at a temperature higher than 1 000°C. In this case, the dep- 
osition of the glass is conducted such that the lower cladding glass layer 403 becomes 30 micrometer thick, and the 
core glass 404 becomes seven micrometer thick (FIG. 4B). 

[0041] After that, an etching mask 405 is formed on the core glass 404 by a photolithography technique (FIG. 4C), 
followed by making a circuit pattern with the core glass 404 by reactive ion etching (FIG. 4D). 
[0042] After removing the etching mask 405, an upper cladding glass 406 is formed by the flame hydrolysis deposition 
method. To the upper cladding glass 406 is added a dopant such as B2O3 or P 2 O s to reduce the transition temperature 
of the glass so that the upper cladding glass 406 enters narrow gaps between the core glass 404 and core glass 404 
(FIG. 4E). 

[0043] As described in connection with the conventional technique, adding a large volume of dopant to the cladding 
glass will relieve compressive stress imposed on the glass layer from the silicon substrate, thereby reducing the 
waveguide birefringence. However, the weather resistance of the glass is also deteriorated. In view of this, the present 
embodiment limits the amount of the dopant added to the cladding glass 406 as a condition of securing sufficient 
reliability. Specifically, it produces the stress of less than -1 0 MPa (compressive stress greater than 1 0 MPa) from the 
silicon substrate 1 03 to the glass layer. 

[0044] Next, the design of the arrayed waveguide will be described. In the AWG, a design is made such that the 
optical path difference between the adjacent arrayed waveguides becomes constant. In this case, the center wave- 
lengths and of the TM mode and the TE mode are expressed by the following equations (4) and (5). 



where, L k and are lengths of kth and (k+1 )th arrayed waveguides. Therefore, conditions for eliminating the deviation 
between the center wavelengths caused by polarization is that the right-hand side of equations (4) and (5) becomes 
equal. In other words, when the following equation (6) is satisfied, the deviation between the center wavelengths due 
to the polarization is eliminated, thereby eliminating the polarization sensitivity of the AWG. 





(5) 




(6) 



where B is the waveguide birefringence given by equation (1). Equation (6) means that the polarization sensitivity is 
eliminated if the longitudinally integrated birefringence takes a constant value for different arrayed waveguides. 
[0045] In the present embodiment, since the arrayed waveguides are designed such that they each have a constant 
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core width longitudinally, equation (6) are reduced to the following equation (7). 

B k L k = const. (7) 
where is the birefringence of the kth arrayed waveguide. 

[0046] Equation (7) expresses that the polarization sensitivity of the AWG can be eliminated by setting the birefrin- 
gence of a shorter arrayed waveguide at a larger value, and that of a longer arrayed waveguide at a smaller value. 
Designing a 1 00-GHz-spaced 16-channel AWG to satisfy equation (7) using the result of FIG. 3 gives the core width 
of 5.8 micrometers for the longest arrayed waveguide 201 and the core width of 8.2 micrometers for the shortest arrayed 
waveguide 202 as shown in FIG. 2. 

[0047] Generally speaking, it is necessary for the AWG to have a fixed optical path difference between adjacent 
arrayed waveguides. In the conventional design in which all the arrayed waveguides have the same core width, all the 
arrayed waveguides have the same effective refractive index, giving the fixed physical length difference between the 
adjacent arrayed waveguides. The present design, however, has different arrayed waveguide core widths from each 
other, thus giving different effective refractive indices. Therefore, the physical length difference between the adjacent 
arrayed waveguides is not necessarily constant. More specif icalty, when the effective refractive indices are proportional 
to the core widths, the physical length difference between the adjacent arrayed waveguides becomes constant. How- 
ever, when the effective refractive indices are not proportional to the core widths, the physical length difference between 
the adjacent arrayed waveguides does not become constant. In the present embodiment, since the effective refractive 
indices are not proportional to the core widths, the physical length difference between the adjacent arrayed waveguides 
is not constant. 

[0048] FiG. 5 illustrates transmission spectra of the AWG fabricated using the foregoing design method. The deviation 
between the wavelengths hj^ and is less than 0.007 nm (the limits of measurement). Transmission spectra of a 
conventional AWG that is fabricated using a uniform core width (7.0 micrometers) are shown in FIG. 6 for the purpose 
of comparison. The deviation between the wavelengths and X-^ is 0.12 nm. Comparing FIG. 5 and FIG. 6 finds 
that the design satisfying equation (7) about the core widths can eliminate the polarization sensitivity of the AWG. 
[0049] The present invention is characterized in that the polarization sensitivity of the optical waveguide interferom- 
eter can be eliminated by controlling the finite waveguide birefringence by varying core width in accordance with the 
length of the arrayed waveguides without making the waveguide birefringence zero. As a control method of the bire- 
fringence of the waveguides, the following methods are proposed. First, a method using a stress imposing film is known 
(M. Kawachi, et al., "Laser trimming adjustment of waveguide birefringence in silica integrated-optic ring resonators," 
Proc. CLEO'89, pp. 84-85, 1989). Second, a method is known of installing different types of thin films beneath the core 
(H. H. Yaffe, et al., "Polarization-independent silica-on-silicon Mach-Zehnder interferometers," Journal of Lightwave 
Technology, vol. 1 2, pp. 64-67, 1 994). The present invention, however, has a major characteristic in that the polarization 
sensitivity of the AWG can be eliminated by controlling the waveguide birefringence by only varying the core width 
which is a mask design parameter without any additional process such as the conventional methods. 

(SECOND EMBODIMENT) 

[0050] FIG. 7 shows a polarization-independent AWG of a second embodiment in accordance with the present in- 
vention. In FIG. 7, the reference numeral 701 designates input waveguides; 702 designates an input side slab 
waveguide; 703 designates a silicon substrate; 704 designates arrayed waveguides; 705 designates an output side 
slab waveguide; and 706 designates output waveguides. The appearance of the AWG of the present embodiment is 
identical to that of the AWG of the first embodiment as shown in FIG. 1 . However, although the core widths of the 
arrayed waveguides differ from each other in the first embodiment, the second embodiment is characterized in that it 
uses the arrayed waveguides with two-types of core widths, and varies the ratio between the lengths of the two to 
equivalent^ vary the waveguide birefringence between the arrayed waveguides. In addition, to reduce the connection 
loss among the waveguides with the two-types of the core widths, a tapered section that varies its width continuously 
is provided between both waveguides individually. Inserting the tapered section enables the excess connection loss 
between the two core widths to be greatly reduced from 0.5 dB to less than 0.1 dB. 

[0051] FIG. 8 is an upside plane view emphasizing the core widths of the arrayed waveguides 704. In the present 
embodiment, a design is made using a waveguide 801 with a core width w-, = 5.5 micrometers and a waveguide 802 
with a core width w 2 = 8.5 micrometers. 

[0052] In the second embodiment, the following equation (8) is used instead of equation (7). 
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B( w^-L^w^ B( w 2 y L k ( w 2 )~ const (8) 

where L^w.,) and L^w^ are the length of the section with the core width of 5.5 micrometers and that of the section 
5 with the core width of 8.5 micrometers in the kth arrayed waveguide; and B(w 1 ) and B(w 2 ) are the birefringence of the 
section with the core width of 5.5 micrometers and the birefringence of the section of the core width of 8.5 micrometers. 
[0053] Furthermore, the optical path difference between adjacent arrayed waveguides is given by the following ex- 
pression. 

10 

mX = ntw^ALfw^ + n(w 2 )AL(w 2 ) 

where AL(w 1 ) is the length difference between the 5.5 micrometer wide waveguides 801 of the adjacent arrayed 
waveguides, and 

15 AL(w 2 ) is the length difference between the 8.5 micrometer wide waveguides 802 of the adjacent arrayed waveguides. 
From this expression and equation (8), ALtWj) and AL(w 2 ) are given by the following equations (9) and (10). 

25 

In the 100-GHz-spaced Ixl6-channel AWG actually fabricated, they are determined as AL(w-,) = 149 micrometers 
and AL(w 2 ) = -86 micrometers. 

[0054] Although the physical length difference between the adjacent arrayed waveguides is not fixed in the first 
embodiment, it becomes fixed in the present embodiment as shown by equations (9) and (10). 
30 [0055] The AWG of the second embodiment is substantially identical to the AWG of the first embodiment, and their 
transmission spectra are also nearly equal. FIG. 9 shows transmission spectra of an actually fabricated AWG of the 
second embodiment. Comparing with the transmission spectra of FIG. 6 of the conventional AWG, it is obvious that 
the polarization sensitivity is eliminated. 

[0056] Compared with the first embodiment, the second embodiment interconnects the waveguides with different 
35 core widths at the intermediate positions of the arrayed waveguides, thereby bringing about excess insertion loss of 
about 0.1 dB which seems to arise at the interconnected positions. However, the excess loss is small enough compared 
with the total insertion loss, thereby presenting no substantial problem. 

[0057] The AWG of the second embodiment is superior to the first embodiment in that it allows the design using only 
two-types of the core widths, and its design becomes easier because of the constant AL(w 1 ) and AL(w 2 ). 
40 [0058] Although the second embodiment employs two-types of the core widths in designing the arrayed waveguides, 
this is not essential. For example, three or more core widths can be used to design the arrayed waveguide. 

(THIRD EMBODIMENT) 

45 [0059] FIG. 1 0 shows a polarization-independent AWG of a third embodiment in accordance with the present inven- 
tion. The polarization-independent AWG of the third embodiment is nearly identical to the polarization-independent 
AWG of the second embodiment. It differs in that the tapered sections at the junctions between the waveguides with 
different widths are designed stepwise consisting of a plurality of different width waveguides instead of designed them 
using smooth curves. FIG. 11 is an enlarged view showing a tapered section. 

50 [0060] Although the taper with smooth curve used in the second embodiment has a smaller loss theoretically, it has 
a problem of complicating the design involved in forming the taper on the curvilinear waveguide section using smooth 
curves. Thus, as a practical method of preventing the excess loss, the present embodiment forms the tapered section 
by connecting the waveguides with varying the width stepwise from the 8.5 micrometer wide waveguide to the 5.5 
micrometer wide waveguide at a step of 0.3 micrometer. 

55 [0061] An actually fabricated device achieved substantially the same loss and transmission spectra as the second 
embodiment. 
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(FOURTH EMBODIMENT) 

[0062] FIG. 12 shows a polarization-independent AWG of a fourth embodiment in accordance with the present in- 
vention. The principle of the polarization-independent AWG of the fourth embodiment is the same as that of the third 

s embodiment. They differ only in the following: Although the polarization-independent AWG of the third embodiment 
disposes the wider waveguide (8.5 micrometer wide waveguide in the embodiment) at the slab side of the arrayed 
waveguide, and the narrower waveguide (5.5 micrometer wide waveguide in the embodiment) at the center of the 
arrayed waveguide, the present fourth embodiment disposes, on the contrary, the wider waveguide at the center of 
the arrayed waveguide, and the narrower waveguide at the slab side of the arrayed waveguide. 

10 [0063] The structure of the present embodiment can reduce optical coupling between the arrayed waveguides, there- 
by increasing the yield. 

(FIFTH EMBODIMENT) 

*s [0064] FIG. 13 shows a polarization-independent AWG of a fifth embodiment in accordance with the present inven- 
tion. The polarization-independent AWG in accordance with the present invention must satisfy equation (7) or (8). For 
example, when using the two-types of the waveguides of 5.5 micrometers wide and 8.5 micrometers wide, the ratio of 
the shortest arrayed waveguide length L., and the longest arrayed waveguide length L^, is given by the following equation 
(11) from the birefringence of the two. 

20 

L 1 :L 2 = B(w 1 ):B(w 2 ) (11) 



[0065] However, when the spacing between the channel wavelengths is reduced, and the number of channels in- 
25 creases, the ratio between L, and L N must be made greater than the value given by equation (11). In other words, the 
ratio between and L N given by equation (11) limits the degree of design freedom of the AWG. 
[0066] To solve the problem, the present embodiment provides a central section of each arrayed waveguide with a 
straight line section to alleviate the limitation of equation (11). Thus, the ratio L r l_ s :L N -L s between the lengths except 
for the straight line section, where L s is the length of the straight line section, can be freely designed with the ratio 
30 L N satisfying equation (11 ) by arbitrarily setting L s . 

[0067] For example, when the central section of the arrayed waveguide is not provided with the straight line section, 
the design limit is a 50-GHz-spaced 40 channels. However, when the central section of the arrayed waveguide is 
provided with the straight line section, a large scale circuit design becomes possible of such as 1 0-GHz-spaced 64 
channels. 

35 

(SIXTH EMBODIMENT) 



45 



[0068] FIG. 14 shows a structure of an asymmetrical Mach-Zehnder interferometer with a channel spacing of 100 
GHz (FSR (Free Spectral Range) of 200 GHz) as a sixth embodiment in accordance with the present invention. The 
40 present embodiment is an application of the polarization-independent principle of the first embodiment to the asym- 
metrical Mach-Zehnder interferometer. 

[0069] In FIG. 1 4, the reference numeral 1 401 designates input waveguides with a core width of seven micrometers; 
1 402 designates an input side 50% directional coupler (optical coupler); 1403 designates arm waveguides with a core 
width of seven micrometers; 1 404 designates an arm waveguide with a core width of six micrometers; 1 405 designates 
an arm waveguide with a core width of eight micrometers; 1406 designates an output side 50% directional coupler; 
and 1407 designates output waveguides with a core width of seven micrometers. A tapered section that gradually 
changes its width is inserted between the waveguides with different core widths. 

[0070] As shown in FIG. 1 4, the asymmetrical Mach-Zehnder interferometer structure of the present embodiment is 
configured by three core widths w 1 = six micrometers, w 2 = eight micrometers and w 0 = seven micrometers for the two 
50 arm waveguides. Specifically, parts of the two arm waveguides 1403 with a core width of seven micrometers are re- 
placed by the arm waveguide 1404 with a core width of six micrometers and the arm waveguide 1405 with the core 
width of eight micrometers, thereby differentiating the core widths. 

[0071] The lengths Lfw^ and L(w 2 ) of the core widths w 1 and w 2 are given by the following equations (12) and (13). 



55 



B(w 2 ) c 
L(Wl)= BiwJ.n^ w 2 )-B(w 2 )nj^w^FSR (12) 
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B{w<i) c 
L(W2)= B(»v 1 )-n 7M (^ 2 )-e(iv 2 ).r )7W (^) fSfl (13) 

5 where c is the speed of light. Since the waveguides 1 403 with the core width w 0 are inserted into the two arm waveguides 
with the same length L(w 0 ), they do not affect the interferometer The waveguides 1403 with the core width w 0 are 
inserted with an eye to increasing the degree of design freedom of the optical circuit. 
[0072] The present embodiment is designed such that L(w^) = 2.96 mm and L(w 2 ) = 1 .92 mm. 
[0073] FIG. 15 illustrates transmission spectra of an asymmetrical Mach-Zehnder interferometer fabricated in ac- 

10 cordance with the foregoing design. For the purpose of comparison, FIG. 1 6 illustrates transmission spectra of a con- 
ventional asymmetrical Mach-Zehnder interferometer using only waveguides with a single core width of seven microm- 
eters. As clearly seen from FIGs. 1 5 and 1 6, the asymmetrical Mach-Zehnder interferometer of the present embodiment 
eliminates the polarization dependence. 

« (SEVENTH EMBODIMENT) 

[0074] FIG. 1 7 shows a polarization beam splitter of a seventh embodiment in accordance with the present invention. 
In FIG. 17, the reference numeral 1701 designates input waveguides with a core width of seven micrometers; 1702 
designates an input side 50% directional coupler; 1 703 designates an ami waveguide with a core width of five microm- 

20 eters; 1 704 designates an ami waveguide with a core width of 10 micrometers; 1 705 designates an output side 50% 
directional coupler; and 1 706 designates output waveguides with a core width of seven micrometers. 
[0075] The foregoing first, second and third embodiments in accordance with the present invention eliminate the 
polarization sensitivity of the AWG and the asymmetrical Mach-Zehnder interferometer. On the contrary, the present 
embodiment increases the polarization sensitivity of the Mach-Zehnder interferometer to implement a polarization beam 

25 splitter that changes the output port by the polarization. 

[0076] To implement the polarization beam splitter, it is necessary for the design to set the optical path difference of 
the TM light at A/2, and that of the TE light at zero. The present embodiment uses the waveguide 1703 with a core 
width of w 1 = five micrometers and the waveguide 1704 with the core width of w 2 = 10 micrometers. The conditions 
can be expressed by the following equations (14) and (15). 



30 
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40 
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nm{wdMWi)-n m (w 2 ).L(w 2 ) = -\ (14) 



n Td w A> L ( W & n TE( w 2> L ( w 2) = 0 0 5 ) 



where X is an optical wavelength. Changing equations (14) and (15) gives the following equations (16) and (17) for 
obtaining L(w 1 ) and L(w 2 ). 

n TE (W2) x 

L( ^ 1 ^"7E( W l)^7»f(^2)-n7E<^2)"Tw( W l)*2 (16) 

45 L(w)= n rd w i) X. 

2 n TEi W dnT*t"2)- n TEi W 2)- n 7ld W <l)2 V ' 

According to equations (16) and (17), the arm waveguides 1703 and 1704 should be designed to have lengths LfWj) 
and L(w 2 ) of 6.53 mm and 6.52 mm, respectively. As for a device actually fabricated in accordance with the foregoing 
50 conditions, it was confirmed that for the input light with an optical communication wavelength of 1 .55 micrometers, it 
functions as a polarization beam splitter that outputted the TM light to a through port and the TE light to a cross port. 
The level of the TM light against the TE light at the cross port (the crosstalk of the polarization beam splitter) was -1 9 dB. 



(OTHER EMBODIMENTS) 

[0077] The foregoing embodiments in accordance with the present invention describe the optical interferometer using 
the silica-based glass waveguide on the silicon substrate. The principle of the present invention is also applicable even 
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to the waveguide material such as polyimide, silicone, semiconductor and LiNb0 3 . In addition, the substrate is not 
limited to silicon. 

[0078] It is described in the foregoing embodiments in accordance with the present invention that the dependence 
of the birefringence on the core width results from the stress-induced birefringence. However, even if it results from 
the structural birefringence, the present embodiment can implement the polarization -independence or polarization 
sensitivity using the foregoing equations. 

[0079] The foregoing embodiments in accordance with the present invention are described by way of example where 
the waveguide birefringence increases with the core width. However, even when the waveguide birefringence reduces 
with the core width on the contrary, the polarization sensitivity can also be eliminated if the core widths are designed 
to satisfy the foregoing equations. 

[0080] The foregoing embodiments in accordance with the present invention use the silica-based optical waveguide 
on the silicon substrate. As with the silica-based optical waveguide on the silicon substrate, the birefringence usually 
becomes negative. In contrast, as with the polymer optical waveguide, the birefringence can take either positive or 
negative value depending on the material. For example, a polyimide optical waveguide gives positive birefringence, 
and silicone optical waveguide gives negative birefringence. Therefore, it is not uniquely determined in the AWG wheth- 
er the core width of a longer arrayed waveguide is made wider or narrower than that of a shorter arrayed waveguide. 
In any case, however, it is enough that the core widths of the arrayed waveguides are determined to satisfy the foregoing 
equation (6). 

[0081] The subject matter of the present invention is that the birefringence is dependent on the waveguide core 
width, and the polarization-independence or polarization sensitivity is implemented using this fact. 
[0082] As described above, according to the present invention, simply varying the waveguide width makes it possible 
to accomplish the polarization-independent operation, or on the contrary to implement the polarization beam splitter. 
[0083] Furthermore, according to the present invention, the half-wave plate of the first conventional technique used 
for achieving the polarization-independence of the AWG can be removed, thereby being able to offer a low cost AWG. 
[0084] Moreover, according to the present invention, it is not necessary to use the compressive stress-free glass of 
the second conventional technique. Therefore, the optical circuit can be constructed by using the glass with the com- 
pressive stress. This offers an advantage of being able to greatly increase the reliability of the optical component such 
as weather resistance. 

INDUSTRIAL APPLICABILITY 

[0085] As described above, the optical waveguide interferometer in accordance with the present invention is useful 
as the optical wavelength multi/demultiplexer for multiplexing the optical signals of a plurality of wavelengths at a 
transmitting side of the optical wavelength division multiplexing communication system, and for demultiplexing a plu- 
rality of optical signals passing through a single optical fiber into different ports at a receiving side of the system. 

Claims 

1. An optical waveguide interferometer composed of an optical waveguides on a substrate, wherein 

said optical waveguide interferometer comprises an optical branching section, a plurality of optical waveguides 
with different lengths, and an optical coupling section, and wherein 

core widths averaged in a longitudinal direction of said plurality of optical waveguides with different lengths 
differ from one another. 

2. The optical waveguide interferometer as claimed in daim 1 , characterized in that longitudinal integral values of 
birefringence of said plurality of optical waveguides with different lengths are equal to one another among said 
plurality of optical waveguides. 

3. The optical waveguide interferometer as claimed in claim 1 , characterized in that 

said optical waveguide interferometer is an arrayed waveguide grating optical wavelength multi/demultiplexer 
including two slab waveguides and a plurality of arrayed waveguides with different lengths each other inter- 
connecting said slab waveguides, and characterized in that 

core widths of said plurality of arrayed waveguides differ from one another depending on lengths of said arrayed 
waveguides, and each core width is fixed except for connecting sections with said slab waveguides. 
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4. The optical waveguide interferometer as claimed in claim 2, characterized in that 

said optical waveguide interferometer is an arrayed waveguide grating optical wavelength multi/demultiplexer 
including two slab waveguides and a plurality of arrayed waveguide with different lengths each other intercon- 
necting said slab waveguides, and characterized in that 

core widths of said plurality of arrayed waveguides differ from one another depending on lengths of said arrayed 
waveguides, and each core width is fixed except for connecting sections with said slab waveguides. 

5. The optical waveguide interferometer as claimed in claim 1 , characterized in that 

said optical waveguide interferometer is an arrayed waveguide grating optical wavelength multi/demultiplexer 
including two slab waveguides and a plurality of arrayed waveguide with different lengths each other intercon- 
necting said slab waveguides, and characterized In that 

said plurality of arrayed waveguides are each composed of waveguides with two-types of core widths except 
for connecting sections with said slab waveguides, and a ratio between lengths of the waveguides with the 
two-types differs from one another among said plurality of arrayed waveguides. 

6. The optical waveguide interferometer as claimed in claim 2, characterized in that 

said optical waveguide interferometer is an arrayed waveguide grating optical wavelength multi/demultiplexer 
including two slab waveguides and a plurality of arrayed waveguide with different lengths each other intercon- 
necting said slab waveguides, and characterized in that 

said plurality of arrayed waveguides are each composed of waveguides with two-types of core widths except 
for connecting sections with said slab waveguides, and a ratio between lengths of the waveguides with the 
two-types differs from one another among said plurality of arrayed waveguides. 

7. The optical waveguide interferometer as claimed in claim 5, characterized In that said waveguides with the two- 
types of the core widths are interconnected by a tapered section that gradually changes its width. 

8. The optical waveguide interferometer as claimed in claim 6, characterized in that said waveguides with the two- 
types of the core widths are interconnected by a tapered section that gradually changes its width. 

9. The optical waveguide interferometer as claimed in claim 1 , characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
connect said couplers and have different lengths, and characterized in that 

said two optical waveguides have core widths different from each other at least in part. 

10. The optical waveguide interferometer as claimed in claim 2, characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
connect said couplers and have different lengths, and characterized in that 

said two optical waveguides have core widths different from each other at least in part. 

11. An optical waveguide interferometer composed of optical waveguides on a substrate, wherein 

said optical interferometer comprises an optical branching section, a plurality of optical waveguides with dif- 
ferent lengths, and an optical coupling section, and wherein 

core widths averaged in a longitudinal direction of said plurality of optical waveguides with different lengths 
are wider in shorter optical waveguides and narrower in longer optical waveguides. 

12. The optical waveguide interferometer as claimed in claim 11 , characterized in that longitudinal integral values of 
birefringence of said plurality of optical waveguides with different lengths are equal to one another among said 
plurality of optica) waveguides. 

13. The optical waveguide interferometer as claimed in claim 12, characterized in that 

said optical waveguide interferometer is an arrayed waveguide grating optical wavelength multi/demultiplexer 
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including a first slab waveguide, a second slab waveguide, a plurality of arrayed waveguides that interconnect 
said slab waveguides and have different length from one another, at least one input waveguide connected to 
said first slab waveguide, and at least one output waveguide connected to said second slab waveguide, and 
characterized in that 

core widths averaged in a longitudinal direction of said plurality of arrayed waveguides are wider in shorter 
optical waveguides and narrower in longer optical waveguides, and as a result of this, 
longitudinal integral values of birefringence of said plurality of arrayed waveguides are equal to one another 
among said plurality of arrayed waveguides. 

14. The optical waveguide interferometer as claimed in claim 13, characterized in that said plurality of arrayed 
waveguides each have a constant core width in said longitudinal directions except for connecting sections with 
said first and second slab waveguides. 

15. The optical waveguide interferometer as claimed in claim 13, characterized in that said plurality of arrayed 
waveguides are each composed of waveguides with at least two-types of core widths except for connecting sections 
with said first and second slab waveguides, and a ratio between lengths of the waveguides with the at least two- 
types differs from one another among said plurality of arrayed waveguides. 

16. The optical waveguide interferometer as claimed in claim 15, characterized in that said waveguides with the at 
least two-types of the core widths are interconnected by a tapered section individually that continuously changes 
its width. 

17. The optical waveguide interferometer as claimed in claim 15, characterized in that a tapered section intercon- 
necting the waveguides with different core widths is composed of a plurality of waveguides that have different 
widths and are connected to one another serially . 

18. The optical waveguide interferometer as claimed in claim 13, characterized in that said plurality of arrayed 
waveguides with different lengths from one another each include a straight line waveguide at the neighborhood of 
said central section. 

19. The optical waveguide interferometer as claimed in daim 15, characterized in that said plurality of arrayed 
waveguides with different lengths from one another each include a straight line waveguide at the neighborhood of 
said central section. 

20. The optical waveguide interferometer as claimed in claim 11, characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
connect said couplers and have different lengths, and characterized in that 

said two optical waveguides have core widths different from each other at least in part, and 

an averaged core width of the shorter waveguide is wider than an averaged core width of the longer waveguide. 

21. The optical waveguide interferometer as claimed in claim 12, characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
connect said couplers and have different lengths, and characterized in that 

said two optical waveguides have core widths different from each other at least in part, and 

an averaged core width of the shorter waveguide is wider than an averaged core width of the longer waveguide. 

22. The optical waveguide interferometer as claimed in claim 1 , characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
connect said couplers and have different lengths, and characterized in that 

said two optical waveguides have core widths different from each other at least in part, and 

longitudinally integral values of birefringence of said two optical waveguides differ from each other by half 

optical wavelength used. 

23. The optical waveguide interferometer as claimed in claim 1 1 , characterized in that said optical waveguide inter- 
ferometer is a Mach-Zehnder interferometer including two optical couplers, and two optical waveguides that inter- 
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connect said couplers and have different lengths, and characterized fn that 

said two optical waveguides have core widths different from each other at least in part, and 

longitudinally integral values of birefringence of said two optical waveguides differ from each other by half 

optical wavelength used. 

24. The optical waveguide interferometer as claimed in claim 1 , characterized in that said optical waveguide inter- 
ferometer is composed of silica-based glass optical waveguides on a silicon substrate. 

25. The optical waveguide interferometer as claimed in claim 11 , characterized in that said optical waveguide inter- 
ferometer is composed of silica-based glass optical waveguides on a silicon substrate. 

26. The optical waveguide interferometer as claimed in claim 13, characterized in that said optical waveguide inter- 
ferometer is composed of silica-based glass optical waveguides on a silicon substrate. 

27. The optical waveguide interferometer as claimed in claim 1 , characterized in that an internal stress of a core film 
constituting each optical waveguides of said optical waveguide interferometer is two times greater than an internal 
stress of an upper cladding titan. 

28. The optical waveguide interferometer as claimed in claim 1 1 , characterized in that an internal stress of a core 
film constituting each optical waveguides of said optical waveguide interferometer is two times greater than an 
internal stress of an upper cladding film. 

29. The optical waveguide interferometer as claimed in claim 13, characterized in that an internal stress of a core 
film constituting each optical waveguides of said optical waveguide interferometer is two times greater than an 
internal stress of an upper cladding film. 
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